Introduction
Steel cleanliness is a major issue in the production of high performance steel grades. To improve steel cleanliness, the content of impurity elements, such as phosphorus, sulfur, total oxygen, nitrogen and hydrogen, should be controlled. 1) Also the number, size, size distribution, morphology and spatial distribution of non-metallic inclusions are important.
2) As non-metallic inclusions can deteriorate steel mechanical properties, 3, 4) their maximum size is restricted in many steel grades. 5) After nucleation, non-metallic inclusions grow through diffusion, Ostwald ripening and collision. 6, 7) Nucleation and growth by turbulent collision are important from the viewpoint of trying to control inclusion size. Some studies show that a low interfacial energy between inclusions and liquid steel favors a high nucleation rate, which could lead to small inclusions and a narrow size distribution. 6, 8, 9) Growth by turbulent collision could strongly increase inclusion size due to collision and agglomeration of inclusions, i.e., clustering. 10) Due to their large size, clusters can float up more easily to the top slag phase. They are, however, very detrimental to steel properties if they remain in solidified steel.
Clustering of non-metallic inclusions in liquid steel, especially of alumina inclusions, has long been known. 10) Experiments were carried out, focusing on influencing factors, such as inclusion type, temperature, holding time, stirring and initial oxygen content. [10] [11] [12] [13] [14] [15] Clustering was found to occur mainly among inclusions that can not be wetted by
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liquid steel. Based on confocal scanning laser microscopy (CSLM), the clustering of non-metallic inclusions on the surface of liquid steel has been well understood. Un-wetted inclusions are observed to move to each other, followed by collision and agglomeration. [16] [17] [18] [19] [20] [21] The attractive force is considered to arise from the capillary force, which is due to the deformation of the melt surface around the inclusions. 22) In the bulk of liquid steel, however, the origin of the attractive force is not fully understood. The clustering was suggested to be closely related to interfacial properties such as wettability, surface tension of liquid steel and interfacial energy. 10, [23] [24] [25] [26] [27] The purpose of this study is to clarify the effect of interfacial properties on the characteristics and clustering of alumina inclusions from the viewpoint of nucleation and growth by collision, respectively. To modify the interfacial properties of alumina inclusions and molten iron, different amounts of Te were added to the molten iron before Al deoxidization. Two series of tests with different initial oxygen contents and stirring conditions were carried out. The effect of Te on the characteristics and clustering of alumina inclusions is discussed.
Experimental Methods

Procedure
The experiments were carried out in a vertical tube furnace (heating element MoSi 2 ) under purified Ar atmosphere (flowrate 0.5 L/min). 80 g of electrolytic iron (99.99 mass%) was melted in a magnesia crucible (27 mm ID and 50 mm H) at 1 873 K, together with reagent grade Fe 2 O 3 powder to adjust the initial oxygen content. After stabilizing for 30 min, Te pieces (99.999 mass%) stored in a rubber container were added to the molten iron through a quartz tube (8 mm ID), which was connected to the rubber container and inserted into the furnace before the start of the experiment. Immediately, the melt was stirred for 30 s with an alumina rod. 3 min later, Al was added in the same way, followed by stirring for 0 or 30 s based on different tests as explained in the followings. The melt was held at 1 873 K. Iron samples were taken with a quartz tube (6 mm ID) at 1, 3, and 10 min after Al addition, and rapidly quenched in water. Table 1 summarizes the experimental conditions. In tests L1 and L2, no Fe 2 O 3 powder was added. After melting the electrolytic iron, the total oxygen content was measured to be around 150 ppm. This should be dissolved oxygen, as the impurity level in the electrolytic iron is very low. The additions of 3.2, 20 and 80 mg Te to molten iron correspond to 40, 250 and 1 000 ppm Te in the melt, respectively. For the purpose of reproducibility, sampling was always done close to the crucible bottom.
Te is a strong surfactant in molten iron. Figure 1 shows that the interfacial energy between alumina and molten iron decreases with Te addition. Also the surface tension of molten iron and the contact angle vary significantly with Te addition. Tests L1 and L2 were carried out to see whether the alumina size decreases when Te is added. The melts were not stirred after Al addition to minimize alumina growth by turbulent collision. Tests HS1 to HS4 were carried out to see whether the extent of clustering of alumina inclusions changes when the interfacial properties are modified by adding Te to molten iron. The melts were immediately stirred for 30 s after Al addition to strengthen alumina clustering. 400 ppm oxygen in the form of Fe 2 O 3 (0.11 g) was added to simulate industrial practice.
Characterization
2.2.1. Chemical Analysis 0.5 g of iron sample was taken to measure the total oxygen content with a LECO combustion analyzer using the inert gas fusion method. Details are given elsewhere. 29, 30) For determining the soluble Al and total Te content, 0.1 g of iron sample was dissolved in a HCl-HNO 3 acid solution (HCl/HNO 3 /H 2 O = 10/1/10) at 90°C. After complete dissolution (4 h), the solution was filtered using a polycarbonate membrane with 0.2 μm pore size. The filtered solution was analyzed with inductively coupled plasma atomic emission spectroscopy (ICP-AES) to obtain the Al and Te contents.
Inclusion Size and Morphology
After filtration, the aforementioned polycarbonate membrane was washed, dried and coated with Au-Pd. Alumina inclusions on the membrane were observed with a high resolution SEM (Philips XL 30).
For measuring the planar size of alumina inclusions in polished cross sections of iron samples, successive SEM micrographs were taken at a magnification of 1000. The micrographs were processed with an image analyzer (Image Pro Plus 6.3) to obtain the number, size and centroid coordinates (x, y) of the inclusions. The size of a single inclusion is described by its equivalent diameter d i A , which is defined as the diameter of a circle with the same area as the inclusion. For each sample, more than 300 inclusions with a diameter larger than 0.6 μm were measured. Clustered inclusions were automatically split into discrete inclusions with the Watershed separation method available in the software. Thus we can calculate the size distribution of individual alumina particles, the corresponding mean planar diameter d A and the number density N A , defined as the number of particles per unit scanned area of the iron matrix. For analyzing the clustering of alumina inclusions, alumina clusters were reconstructed as described in section 3.3.1. Fig. 2 . It can be seen that at 1 and 3 min the Z values are both larger than 2.58, indicating that the difference is highly significant. The Z value at 10 min is less than 1.96, which means the difference falls in the range of measurement errors. Therefore, we conclude that only at the initial stage, Te decreases the size of alumina inclusions.
Results and Discussion
Size Distribution
The effect of Te addition on the planar size distribution of alumina inclusions is shown in Fig. 3 as a function of holding time at 1 873 K. The planar size distribution is expressed as a population density function (PDF). 31, 32) The PDF is defined as the frequency of particles in a given bin width divided by the bin width. It has the units of length − 3 for planar size distribution. The experimental data can be fitted approximately with a parabolic function, which means that the size distribution can be modeled by a lognormal distribution function. 33, 34) The statistical properties of the fitted PDFs are listed in Table 3 .
By comparing the size distributions of tests L1 and L2, it is found that Te addition: (1) narrows the size distribution of alumina inclusions for a given holding time, as shown in Table 2 and Fig. 3 , implying a larger nucleation rate; 6) (2) increases the number of smaller inclusions, especially at 1 min, and decreases the number of larger inclusions. The difference of the size distributions between tests L1 and L2 becomes less obvious 10 min after Al addition, which is consistent with the evolution of d A . 
Number Density
Te increases considerably the number density N A of alumina inclusions, as shown in Fig. 4 . This implies that Te facilitates alumina nucleation. The difference of N A between tests L1 and L2 decreases with holding time. This is consistent with the evolution of d A . It should be noted that regardless of Te addition, the number density N A decreases with holding time, during which alumina inclusions float up to the liquid metal surface.
Te Effect on Alumina Nucleation and Growth by
Ostwald Ripening After the addition of deoxidizer, newly-formed nonmetallic nuclei grow by several mechanisms. 6, 7) The dominant mechanisms determine the characteristics of the nonmetallic inclusions. 29) In tests L1 and L2, the melts were not stirred and convection due to temperature gradients was negligible. Growth by Ostwald ripening should dominate under such conditions. 7) Therefore, the effect of Te on the characteristics of alumina inclusions is discussed in the light of nucleation and Ostwald ripening.
Nucleation
According to classical nucleation theory (CNT), interfacial energy between nuclei and the parent phase creates a nucleation barrier. Hence, decreasing the interfacial energy should increase the nucleation rate. The critical supersaturation S O * and the nucleation rate I can be calculated with the following equations. (2) where k B is the Boltzmann constant, R is the universal gas constant, γ sl is the interfacial energy, V m is the molar volume of the oxide per mole of oxygen, T is the absolute temperature, A is the frequency factor, I is the nucleation rate, S O is the supersaturation degree expressed as ( a Al . Using the data in Table 4 , the values of the critical supersaturation degree and the nucleation rate for tests L1 and L2 were calculated and listed in . Such an effect of Te on S O * has been observed by Tanabe et al. 9) Theoretically, a higher nucleation rate leads to smaller inclusions with a narrower size distribution. This is consistent with our experimental results.
Ostwald Ripening
According to the Lifshitz-Slyozov-Wagner theory (LSW), particle growth rate by Ostwald ripening is expressed as 29) k t r r d ⋅ − = where r and r 0 are the mean radii of the inclusions, respectively, at time t and at the start of the Ostwald ripening process, C O is the dissolved oxygen content, C P is the oxygen content in the oxide, D O is the diffusion constant of oxygen in molten iron and k d is the particle growth rate by Ostwald . Based on Eq. (3), difference of particle growth rates between two tests can be expressed as If Te addition affected the size of alumina inclusions mainly at the stage of Ostwald ripening, it is reasonable to assume that particle size r 0 at the start of the Ostwald ripening is the same in tests L1 and L2, i.e., r 01 = r 02 . Thus, Eq. (5) can be rewritten as According to Eq. (6) and using the values of inclusion size of samples L1-1 and L2-1 in Table 2 , the difference of measured growth rates between tests L1 and L2 is calculated as 2.27 × 10 − 3 μm
, which is approximately 28 times larger than the theoretical value. This means that the size difference between tests L1 and L2 can not be explained by Ostwald ripening. This calculation further confirms that Te promotes alumina nucleation, thus decreasing alumina size and narrowing size distribution.
Te Effect on the Clustering of Alumina Inclusions
Cluster Construction
Alumina clusters usually appear as a group of discrete particles in a cross section. 10) To evaluate the extent of clustering, two dimensional alumina clusters must be reconstructed. Several methods are described in literature. 14, 15, 35) As the iron matrix is opaque, all the methods deal with the definition of critical inter-particle distance h 0 between two discrete particles in a cross section in order to judge whether the two particles might touch each other in three dimensions.
In the present study, the critical inter-particle distance h 0 is defined in Eq. (7). The derivation is given in the Appendix. When the measured inter-particle distance h between two particles in the cross section is smaller than h 0 , we assume that the particles adhere to each other in 3D.
The construction starts with a single particle p i . All its neighboring particles with an inter-particle distance smaller than h 0 are identified. The particle p i , together with these neighboring particles, is called cluster c i . The construction continues with the next particle in the cluster c i numbered p j . All its neighboring particles (outside cluster c i ) with an inter-particle distance smaller than h 0 are identified and added to the cluster c i . This is done for every new particle in the cluster c i until any particle outside the cluster c i has an inter-particle distance relative to any particles inside the cluster c i larger than h 0 . The construction is based on MATLAB software. The input parameters are particle size and corresponding coordinates. are the mean planar and mean spatial diameter of the particles, and d i A is the equivalent planar diameter of particle i. After construction, parameters related to clustering can be obtained: the clustering degree C D , defined as the ratio of the number of clustered particles to the total number of particles, the frequency distribution of the number of particles per cluster n C and the corresponding average value n C , and the ratio φ of the mean diameter of clustered particles to the mean diameter of non-clustered particles. Also, the equivalent diameter d (1 000 ppm Te) The planar size distributions of alumina inclusions for tests HS1 to HS4 are shown in Fig. 7 at a holding time of 3 min. The size distributions can be fitted roughly with a parabolic function in a log-log diagram. Under stirring conditions, the effect of Te on the size distribution is different from non-stirring conditions. With increasing Te addition from 0 to 250 ppm, the width of the size distribution broadens, then narrows when more Te is added, as seen in Table  2 and Fig. 7 . In addition, the population density for smaller inclusions ( < 2.5 μm) decreases with increasing Te addition from 0 to 250 ppm, then increases with further Te addition. The population density for larger inclusions ( > 2.5 μm) shows an opposite trend.
Clustering Degree
To study the extent of clustering of alumina inclusions, clustering degree C D is defined as the ratio of the number of clustered particles to the total number of particles. C D depends on the critical inter-particle distance h 0 . In order to evaluate the reliability of h 0 , variation of C D with x, ratio of inter-particle distances h and h 0 (Eq. (9)), has been calculated and shown in Fig. 8 . The bars represent increasing rate of C D at ratio x. The increasing rate Δ is calculated according to Eq. (10). As seen from (10) where x is the ratio of the critical inter-particle distances h and h 0 , which are, respectively, the test and theoretical values of inter-particle distances, Δ is the increasing rate of C D at ratio x, C 
Number of Particles Per Cluster
The number of particles per cluster in polished cross sections was calculated and shown in Figs. 10 and 11. As seen, small clusters (n C ≤ 4) predominate in all samples both at 1 min and at 10 min. At 1 min, large clusters (n C ≥ 8) were found in the samples with Te addition. At 10 min, however, large clusters only appear in the sample with 250 ppm Te addition.
The average number of particles per cluster n C is shown in Fig. 12 as a function of holding time. For tests HS1 and HS2, n C roughly stays constant around 2.5 during the holding. Thus, the addition of 40 ppm Te has no obvious effect on n C . When 250 ppm Te is added (test HS3), n C increases from 3.0 at 1 min to 4.0 at 10 min. Further increasing Te to 1 000 ppm decreases n C considerably below the values of test HS3.
3.3.5. Diameter Ratio of Clustered Particles to NonClustered Particles To study particle size dependence of alumina clustering, the mean diameter ratio φ of clustered particles to non-clustered particles was calculated and shown in Fig.  13 . At 1 min, φ is close to 1.05 for all tests, implying that the relationship of clustering with particle size is weak. This phenomenon can be explained by the high collision frequency under conditions of strong turbulence and high number density of particles at initial stage. At 3 min, there is no clear trend. Thereafter, φ always shows an increasing trend, which may be caused by the following two reasons. First, large particles cluster more easily. This is quite reasonable as attractive force between large particles is usually larger than that between small particles. Second, with time increasing, clustered particles are probably individually distinguishable due to sintering and densification. This phenomenon can affect the accuracy of measurement. Nevertheless, this should not be the main reason. The processes of sintering and densification not only result in large particles in clusters, also result in the formation of large individual faceted particles.
In summary, under stirring condition, the values of the mean diameter d A C ( ) , the clustering degree C D and the average number of particles per cluster n C increase with increasing Te addition from 0 to 250 ppm and thereafter of alumina inclusions was found to become more faceted due to Te addition, as seen in Fig. 14 . This facilitates the formation of alumina clusters, as confirmed by literature. Braun et al. 10) found that the extent of clustering of alumina inclusions in high oxygen ingots, where the inclusions are mostly spherical, is much less than in low oxygen ingots, where the inclusions are predominantly faceted. This was also observed in the present tests. As shown in Fig. 14 , faceted inclusions tend to form clusters while spherical inclusions tend to exist independently, indicating that the attraction between faceted particles is larger than that between spherical particles. This dependence of interaction on particle shape is known as Derjaguin's approximation that the interaction between two spheres is half of that decrease with further Te addition. As alumina growth by collision dominates under turbulent conditions, 10, 37, 38) we conclude that Te promotes alumina growth by collision, i.e., clustering. Also this effect is strongly linked to the amount of Te addition. It is implied that Te addition triggers two mechanisms: one that favors clustering and one that makes clustering less likely.
Factors Affecting the Clustering of Alumina Inclu-
sions Te facilitates the clustering of alumina inclusions. In order to account for this phenomenon, the alumina inclusions were extracted from the iron matrix. The morphology between a sphere and a plate. 39) Modification of crystal habits grown from solutions containing impurities has been reported. [40] [41] [42] [43] For example, plate-like alumina inclusions in liquid steel are suggested to be the result of adsorption of impurities on the (111) face. 40) In the present tests, we observed that the morphology of alumina inclusions becomes more faceted due to Te addition, as shown in Fig. 14 . In sample L1-1 without Te addition, spherical inclusions predominate while in sample L2-1 with 1 000 ppm Te addition, faceted and plate-like inclusions predominate. Compared with sample HS1-1, in sample HS4-1 with 1 000 ppm Te addition, dendritic alumina inclusions become less. Meanwhile, faceted alumina inclusions become more angular and large flat faces develop, forming octahedral and plate-like alumina inclusions.
Besides morphological modification, the decrease of surface tension of molten iron due to Te addition should also be considered. Due to the non-wetting property between alumina inclusions and molten iron, the molten iron leaves the region between two approaching alumina inclusions. 10) The surface tension of molten iron will tend to maintain the inclusions contact. In the present tests, the surface tension of molten iron is decreased considerably due to Te addition. Decreasing the surface tension can reduce the attraction between the inclusions, thus weakening the clustering of alumina inclusions. This could be the reason why the extent of alumina clustering starts to decrease when Te addition is above 250 ppm.
Conclusions
The effect of Te addition on the characteristics and clustering of alumina inclusions in molten iron has been investigated. The results are summarized as follows:
(1) A reliable method was presented to construct alumina clusters.
(2) When the melt is not stirred after Al addition, Te decreases the size of alumina inclusions and narrows the size distribution, due to an increase of the nucleation rate. The effect fades out after a holding time of 10 min. (4) With Te addition, a) the alumina inclusions become more faceted, strengthening alumina clustering; b) the surface tension of molten iron decreases, weakening alumina clustering. Due to the opposing effects, the extent of alumina clustering increases first then decreases with Te addition.
The following appendix is concerned with the determination of the critical inter-particle distance h 0 . The h 0 is derived based on a geometrical relationship that for any two spheres sectioned by a plane, the distance between the centers of the two circles in the plane is not larger than the distance between the centers of the two spheres. If the two spheres are clustered, the relationship can be expressed as: 
. (A2)
We denote h ij 0 as the critical inter-particle distance. For any two particles in a cross section, if their measured inter-particle distance is not larger than the critical distance calculated with Eq.(A3), we assume that they are a cluster in three dimensions. However, the critical inter-particle distance is usually not available as the 3D diameters are unknown especially for non-metallic inclusions in steel. In the present study, we use the mean critical inter-particle distance h 0 as an approximation. The h 0 is derived as follows:
Assuming that there are 2n particles (with narrow size distribution) in a cross section and each two particles form a cluster in 3D, the critical inter-particle distances between each two clustered particles are as follows: where h 0 is the mean critical inter-particle distance between two clustered particles, d A and d V are the mean planar and mean spatial diameter of particles.
